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1. 

I. In t roduc t ion  

I n  t h i s  progress  r e p o r t  we  shal l  p re sen t  r e s u l t s  of our  

program obta ined  dur ing  t h e  s i x  month pe r iod  15 October 1966 

t o  15 A p r i l  1967. 

t h e  work and a b r i e f  mention of  some p lans  f o r  f u t u r e  experiments.  

The fo l lowing  personnel  were a c t i v e l y  engaged i n  the 

program: 

We s h a l l  only g ive  b r i e f  s t a t u s  r e p o r t s  of 

r e sea rch  

Facu l ty  : 

D r .  John C. C o r e l l i  (ha l f  t i m e  October-November, 1966; 

3 / 4  t i m e  December 1966 - Apr i l  1967) 

Graduate  S tudents  

M r .  Arne H. K a l m a  (NASA Fellow) 

M r .  W i l l i a m  Bohlke 

M r .  Robert E d e l s t e i n  (AEC Fellow) 

Research Technician 

M r .  James Westhead 

Some of ou r  r e s u l t s  on the o p t i c a l  p r o p e r t i e s  of i r r a d i a t e d  

s i l i c o n  have appeared i n  a recent paper  e n t i t l e d :  

"1.8-, 3 . 3 - ,  and 3.9- Bands i n  I r r a d i a t e d  S i l i c o n :  Cor re l a t ions  

With the Divacancy", L. J .  Cheng, J. C.  C o r e l l i ,  J. W. Corbe t t  

and G. D. Watkins; Phys. Rev. 152, 761 (1966). 

Y 

- 
Repr in t  cop ie s  of t h e  above paper are a t t ached  a t  t h e  end of t h e  

r e p o r t .  
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11. Brief  Discussion of S t a t u s  of Experimental  Programs 

1. Low Temperature S t r e s s  Dewar  f o r  Op t i ca l  Measurements - 
A. H. K a l m a  

During the p a s t  s i x  month pe r iod  t h e  dewar and s t r e s s i n g  

appa ra tus  were rece ived  from the manufacturer.  The dewar i s  

capab le  of ope ra t ion  i n  t h e  l i q u i d  helium temperature  range and 

w i l l  be  used i n  o p t i c a l  s t u d i e s  a t  wavelengths below 6 t h e  

c u t o f f  of the co ld  sapph i re  window of t h e  dewar. A s u b s t a n t i a l  

e f f o r t  during t h e  end of t h e  p re sen t  r e p o r t  pe r iod  was t o  b u i l d  

t h e  external stress appara tus  t h a t  i s  used i n  conjunct ion  w i t h  

t h e  dewar. We a n t i c i p a t e  t h a t  t h e  stress dewar w i l l  be ready f o r  

use dur ing  t h e  coming summer 1967, a de lay  caused by l ack  of 

a v a i l a b l e  experienced manpower. The s t r e s s i n g  appara tus  w a s  

designed t o  3e i n s e r t e d  i n s i d e  t h e  dewar as a s e p a r a t e  component. 

The maximum f o r c e  which can be exe r t ed  on a sample wi th in  des ign  

l i m i t s  i s  N 400 l b s .  

* 

P 

2.  Photoconduct ivi ty  of S i l i c o n  - A. H. K a l m a  

A. In t roduc t ion  

Photoconduct ivi ty  s t u d i e s  of e l e c t r o n - i r r a d i a t e d  n-type 

s i l i c o n  are being performed t o  look a t  t h e  d e f e c t  energy l e v e l s  

t h a t  are introduced.  These s t u d i e s  are be ing  carried out  t o  

a t t empt  t o  i d e n t i f y  t h e  d e f e c t s  t h a t  are g iv ing  r ise  t o  the 

va r ious  energy l e v e l s .  

(bo th  type a d  concen t r a t ion ) ,  annea l ing  s t u d i e s ,  and stress- 

The methods being used are dopant s t u d i e s  

* 
Andonian Assoc ia t e s ,  Inc . ,  Waltham, Massachuse t t s .  
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induced dichroism s t u d i e s .  

l i g h t ,  are contemplated f o r  t h e  f u t u r e .  

Other methods, such as bleaching,  wi th  

B. Experimental  Descr ip t ion  

Thus f a r ,  most of the samples used have been 100flcm, 

a l though a few 1 0 n c m  ones have been s t u d i e d .  A l l  samples w e r e  

prepared from low oxygen conta in ing  (s oxygen/cm 3 ) zone- 

r e f i n e d  material. The samples  a r e  r e c t a n g u l a r  ba r s  whose dimen- 

s i o n s  are about 15 mm x 3 mm x 2 mm. 'The c o n t a c t s  are put  on by 

h e a t i n g  and p res s ing  arsenic-doped gold i n t o  t h e  ends of one of 

t h e  f a c e s .  

f o r  s t r e s s i n g .  The i r r a d i a t i o n s  w e r e  c a r r i e d  out a t  room 

t e m p e r a t u r e  w i t h  45-50 MeV e l e c t r o n s .  

r ece ived  t o t a l  i n t e g r a t e d  f luxes  of between 1.0 x and 

1.5 x electrons/cm2 and t h e  10flcm ones rece ived  10 15 

e l ec t rons / cm . 
80°K. 

The ends of t he  sample  are pol i shed  f l a t  and para l le l  

The loon cm samples  

2 The photoconduct ivi ty  s p e c t r a  are measured a t  

The t o t a l  i n t e g r a t e d  f luxes  used i n  t h e s e  experiments 

w e r e  h igh  enough t o  d r i v e  t h e  r e s i s t a n c e  of t h e  samples from a 

few hundred ohms before  i r r a d i a t i o n  t o  106-1011 ohms a f t e r  

i r r a d i a t i o n .  I n  some of t h e  f i r s t  s t u d i e s  t o  be r epor t ed  here 

t h e  i n p u t  impedance of t h e  equipment w a s  only 2 x lo7 ohms causing 

large s i g n a l  loss. 

W e  are c u r r e n t l y  using a Keighley Model 610A e lec t rome te r  

having a n  inpu t  impedance of ohms as a u n i t y  ga in  pre-  

a m p l i f i e r  t o  a l low f o r  t hese  high sample r e s i s t a n c e s .  

W e  have been using a Perkin-Elmer model 107 a m p l i f i e r  and a 

home made h igh  s e n s i t i v i t y ,  low no i se  p reampl i f i e r  t o  p i ck  up t h e  
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s i g n a l .  

HR-8 l ock  i n  a m p l i f i e r  and a s s o c i a t e d  high impedance p reampl i f i e r .  

This  w i l l  a l low us t o  d e t e c t  s i g n a l s  i n  the  nanovolt  range 

according t o  s p e c i f i c a t i o n s  i n s t e a d  of our  c u r r e n t  t e n t h s  of a 

microvol t  range. 

We now have on o rde r  a Pr ince ton  Applied Research Model 

I n  a t tempt ing  t o  perform po la r i zed  l i g h t  s t u d i e s  of s t r e s s e d  

samples on our  Spex Model 1500 g r a t i n g  monochromator, w e  discovered 

t h a t  t h e  g r a t i n g s  po la r i zed  t h e  l i g h t  very  s t r o n g l y  i n  c e r t a i n  

wavelength reg ions .  T h i s  may be due t o  t h e  l i g h t  s t r i k i n g  t h e  

g r a t i n g s  a t  c l o s e  t o  the B r e w s t e r  ang le  a t  c e r t a i n  g r a t i n g  

s e t t i n g s .  Fu r the r  s tudy  is  necessary t o  see i f  t h i s  i s  t h e  reason 

and t o  determine i f  t h e r e  are g r a t i n g s  t h a t  w i l l  cover t h e  range 

w e  are i n t e r e s t e d  i n  without  p o l a r i z i n g  t h e  l i g h t .  Because of 

t h i s  l i g h t  p o l a r i z i n g  problem, w e  are c u r r e n t l y  using a Pe rk in  

E l m e r  Model 98 p r i s m  monochromator. This  instrument  w a s  a l s o  

found t o  p o l a r i z e  the  l i g h t  bu t  t h e  r a t i o  of E l  / E I I  

e x h i b i t  a s t r o n g  wavelength dependence as w a s  found i n  ou r  g r a t i n g  

monochromator i n  t h e  2 .5  t o  4 . 5 )  wavelength range. 

does no t  

A s  t h i s  instrument i s  s i t t i n g  i n  a i r ,  atmospheric abso rp t ions  

g ive  unwanted abso rp t ions  i n  c e r t a i n  wavelength ranges and it  

may be t h a t  we can e l i m i n a t e  a i r  abso rp t ions  us ing  t h e  evacuable 

Spex instrument.  More s tudy  of t h i s  problem is  needed t o  

determine whether a i r  abso rp t ion  can b e  c u t  down s u f f i c i e n t l y  i n  

t h e  pr ism instrument t o  a l l o w  i t s  use.  Due t o  t h e  i n h e r e n t l y  

poorer  energy r e s o l u t i o n ,  of a pr ism instrument  any abso rp t ion  

c u t s  ou t  a h ighe r  wavelength reg ion  than  would occur f o r  a 
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g r a t i n g  instrument  and it  appears  now t h a t  t he  Spex g r a t i n g  mono- 

chromator may be b e t t e r ,  e s p e c i a l l y  i f  b e t t e r  g r a t i n g s  are 

a v a i l a b l e .  

The annea l ing  work performed thus  f a r  has  been i sochronal  f o r  

15 minute t i m e  i n t e r v a l s  and i n  a l l  cases  t h e  sample w a s  hea ted  

i n  a i r .  

t h e  stress on samples kept  i n  an  o i l  b a t h  and hea ted  t o  s 1 6 O o C  

f o r  15 minutes.  

I n  t h e  stress experiments thus  f a r  completed we app l i ed  

C. Resu l t s  and Discussion 

Figure 1 shows a 100ncm, A s  doped s a m p l e  i r r a d i a t e d  wi th  

48 MeV e l e c t r o n s  t o  a t o t a l  i n t e g r a t e d  f l u x  of 

temperature  l a b e l i n g s  are t h e  i sochronal  annea l ing  temperatures .  

The 1 2 5 O C  spectrum values  a r e  probably a b i t  low as t h e  r e s i s t a n c e  

of t h e  sample  w a s  only e s t i m a t e d  t o  be g r e a t e r  than lo8  ohms from 

e / c m 2 .  T h e  

a n  ohmmeter f o r  normal iza t ion  purposes. There w a s  some pump o i l  

g e t t i n g  on t h i s  sample during pump down and absorbing between 

2 . 8 ~  and 3 . 2 ~ .  

approximate.  

Therefore ,  t h e  s p e c t r a  i n  t h i s  reg ion  are only 

F igu re  2 shows t h e  anneal ing resu l t s  f o r  t h i s  sample.  The 

E -.60 e V  level appears  t o  be i n  s l i g h t l y  d i f f e r e n t  p l aces  

b e f o r e  and a f t e r  i t s  nea r  disappearance a t  16OoC. 

drawn as one l e v e l  he re  but  may i n  f a c t  be two separate ones. 

It i s  n o t  known whether t h e  l e v e l  g iv ing  r ise  t o  photoconduct ivi ty  

a t  1.45 

i n d i c a t e d  i n  t h e  level diagram i n  t h e  f i g u r e .  The photoconduct ivi ty  

peak c e n t e r e d  a t  4 . 4 5 ~  i s  be l ieved  t o  be a s s o c i a t e d  wi th  a 

C 
It has been 

is  loca ted  a t  Ev + -83  e V  o r  Ec - . 83  eV.  This i s  I-l 
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d e f e c t ,  f u r t h e r  work is  i n  progress .  

found on a few other samples. 

s i g n a l  would have t o  be diminished by abso rp t ion  i s  q u i t e . b r o a d  

(over 1y) and no material o r  combination of materials i n  our  

apparatus  (such as vacuum grease ,  pump o i l ,  atmosphere, e t c . )  

w i l l  absorb f o r  t h e  e n t i r e  region.  A l s o ,  t h e  Fermi level  w a s  

probably deeper than  0.26 e V  below t h e  conduction band when t h e  

peak w a s  observed and d i d  not  r ise that high u n t i l  a f t e r  some 

anneal ing had occurred a t  16OoC, af ter  which no peak w a s  observed. 

This  last reason comes from t h e  measured DC r e s i s t a n c e  of t h e  

sample a t  80°K and a rough estimate o r  t h e  Fermi level p o s i t i o n .  

The 4 . 4 5 ~ 1  peak has been 

The reg ion  where the photoconduct ivi ty  

Figure 3 shows t h e  spectra of 1 0 0 n c m  phosphorus doped 

sample a f t e r  va r ious  annea ls .  This  sample w a s  i r r a d i a t e d  wi th  

48 MeV e l e c t r o n s  t o  a t o t a l  i n t e g r a t e d  f l u x  of 1 .4  x 

cm . Figure 4 summarizes the annea l ing  r e s u l t s  of t h i s  sample. 

This  sample  has not  been completely annealed t o  d a t e .  As on t h e  

previous s a m p l e ,  t h e  p o s i t i o n i n g  of t h e  l e v e l  g iv ing  rise t o  

photoconduct ivi ty  a t  1 . 4 5 ~  i s  i n  ques t ion ,  as the d e f e c t  energy 

level diagram shows. 

e l e c t r o n s /  

2 

Figure 5 shows the  s p e c t r a  of a 1 0 0 R c m ,  antimony doped 

sample t h a t  has  been s t r e s s e d  wi th  1400 kg/cm2 along t h e  lo l l )  
d i r e c t i o n ,  The s i g n a l  f r o m t h e  sample w a s  low and f a i r l y  noisy  

and t h e r e f o r e  the  accuracy of t h e  p o i n t s  i s n ' t  as good as would 

be wanted. These s p e c t r a  were a l s o  taken  on our  Spex g r a t i n g  

instrument causing f u r t h e r  u n c e r t a i n t y .  Even so ,  t h e  s p e c t r a  

taken with unpolar ized l i g h t  and l i g h t  p o l a r i z e d  wi th  i t s  E v e c t o r  
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perpendicular  t o  t h e  fiOd d i r e c t i o n  of t h e  sample are p r e t t y  w e l l  

t h e  same. Therefore ,  no dichroism has been observed on t h i s  sample 

w i t h i n  an  estimate of t h e  l i m i t  of e r r o r  ( f a c t o r  2 ) .  

conc lus ion  t o  be reached t h a t  given a b e t t e r  sample,  t h e  technique 

may be a usable  r e s e a r c h  t o o l  f o r  examining d e f e c t s  which would 

g ive  reasonable  dichroism ( > 10%). 

The. 

Table  I i s  a summary of the energy l e v e l s  w e  have observed. 

As can be seen ,  t h e  .26 e V  and t h e  .83 e V  levels have been seen 

i n  samples  of a l l  types though no t  n e c e s s a r i l y  i n  a l l  samples .  

We w i l l  no t  a t tempt  t o  draw any conclusions about any of t hese  

l e v e l s  now as w e  are s t i l l  i n  the  i n i t i a l  s t a g e s  of t h e  s tudy  and 

many are p o s s i b l e .  

We next  p l a n  t o  i r r a d i a t e  some lower r e s i s i t v i t y  material 

(1 n c m  and poss ib ly  more 1 0 f i c m )  a t  both 1 and 50 MeV t o  s tudy  

t h e s e .  I n  t h i s  way, w e  hope t o  be a b l e  t o  in t roduce  more d e f e c t s  

wi thout  d r i v i n g  t h e  r e s i s t a n c e  too h igh  f o r  ease  i n  measurement. 

3 .  Impuri ty  Associated Defects i n  S i l i c o n  - R. E d e l s t e i n  

I n f r a r e d  and e l e c t r i c a l  s t u d i e s  of s i n g l e  c r y s t a l  s i l i c o n  

bombarded w i t h  48 MeV e l e c t r o n s  were used t o  e v a l u a t e  damage t o  

v a r i o u s  samples .  T h i r t y  (30) samples were prepared by conven- 

t i o n a l  methods i n  e i t h e r  ba r  o r  br idge  from. The bar  samples  

used i n  t h e  i n f r a r e d  experiments w e r e  2 x 5 x 15 mm i n  dimensions 

having o p t i c a l  s u r f a c e s  prepared using 0.3 micron alumina f o r  t h e  

f i n a l  p o l i s h .  The br idge  samples f o r  electrical s tudy  w e r e  prepared 

us ing  a n  u l t r a s o n i c  c u t t e r  and t h e  f i n a l  e t c h  w a s  a c i d  of t h e  

c o n s i s t a n c y  1 HF3: 3 HN03. Eighteen (18) samples were i r r a d i a t e d  
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l O O i 2  c m  
P-doped 

E c - .  2 6 e V  
E c - .  2 9 e V  

TABLE I 

PHOTOCONDUCTIVITY LEVELS OBSERVED: 

l00f2 c m  
A s - d o p e d  P-doped Sb-doped 

E c - .  2 2 e V  
E c - .  2 6 e V  E c - .  2 6 e V  E c - .  2 6 e V  

10 fi c m  100 R c m  

E c - .  3 0 e V  

E c - .  3 3 e V  
Ec-  . 4 0 e V  

E c - .  8 3 e V  
Ev+. 8 3 e V  

E c - .  4 2 e V  
E c - .  6 0 e V  E c - .  6 0 e V  

Ec- . 8 3 e V  E c - .  8 3 e V  Ec-  . 8 3 e V  
Ev+. 8 3 e V  Ev+. 8 3 e V  Ev+. 8 3 e V  
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whi le  cooled by d i s t i l l e d  water  whose temperatures v a r i e d  from 

50° t o  6 2 O C .  The f l u x e s  va r i ed  from 0.97 x 13 18 e/cm 2 f o r  t he  
e l e c t r i c a l  samples ,  1.93 x 1 O l 8  e lec t rons /cm 2 f o r  s i x  i n f r a r e d  

2 and 4.89 x 1 O I 8  e lec t rons /cm f o r  t h e  o t h e r  s i x  samples .  Below 

are t a b u l a t e d  d a t a  regard ing  i r r a d i a t e d  samples .  

Sample 
Dopant 

Bismuth 
Boron 
Arsenic  
Arsenic  
Phosphorous 
Phosphorous 

R e s i s t i v i t y  
(At 300°K Before 
I r r a d i a t i o n  R c m )  

0.01 
0.01 
0.01 
0.1 
0.01  
0.1 

A l l  samples were supposed t o  be f l o a t i n g  zone s i l i c o n  and 

were i r r a d i a t e d  i n  t h e  Ell] d i r e c t i o n .  

ments were made a t  about t e n  (10) temperatures  between room 

temperatures  and l i q u i d  n i t rogen  (80'K). 

The e l e c t r i c a l  measure- 

I n  t h e  boron - and phosphorous - doped samples of l o w  (0.01 

n - c m )  r e s i s t i v i t y  l i t t l e  damage w a s  observed a t  any of t he  3 

f l u x e s .  A l l  o t h e r  samples  did i n d i c a t e  t h e  presence of t h e  

divacancy a t  3.46 and 3.64 mic rons  when cooled t o  80°K. 

0.1R - c m  P-doped samples r e f l e c t  l a r g e  change i n  r e s i s t a n c e  bu t  

The 

i n f r a r e d  s t u d i e s  do not  show marked damage. The 0 . 1  and 0.01 

f l - c m  A s  doped samples  r e f l e c t  e s s e n t i a l l y  the  same ( l a c k  o f )  

damage independent of f l u x  and none of t h e s e  samples  i n d i c a t e  t h e  

"5.5 micron'' band previous ly  r epor t ed  by Cheng and Becker. 

The r eason  f o r  t h i s  i s  p o s s i b l e  overheat ing during i r r a d i a t i o n  w i t h  

(1) 
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subsequent anneal ing.  The sample which r e f l e c t s  t h e  most damage 

i s  t h e  0 .01  R - c m  B i  doped sample and i t  is  be l i eved  t h a t  most of 

t h e s e  absorp t ions  are due t o  oxygen a s s o c i a t e d  d e f e c t s .  These 

inc lude  two v i b r a t i o n a l  bands a t  12.0 and 11.56 microns and a 

band a t  6.35 microns. The model 621 Perkin-Elmer spectrophoto-  

meter was purged t o  r i d  t h e  system of water vapor abso rp t ion  i n  

t h e  5 t o  8 micron reg ion .  

using b o i l i n g  d i s t i l l e d  water (monitored by a convent ional  mercury 

thermometer) f o r  an  annea l  t i m e  of 15 minutes.  

The f i r s t  annea l ing  has been accomplished 

Subsequent annea ls  w i l l  be accomplished using t h e  oven and 

thermocouples and i n  t h e  i n t e r i m  t i m e  samples  w i l l  be s t o r e d  i n  

a f r e e z e r  a t  about -2OoCb The annea l ing  experiments will be 

completed dur ing  the  next  s i x  month per iod .  

4 .  S a t u r a t i o n  of t h e  Fermi Level i n  Germanium I r r a d i a t e d  

t o  High Doses of 

W. H. Bolke 

A.  I n t r o d u c t i o n  and Experimental  Methods 

50 MeV E lec t rons  (d5-10 x 1OI8 e/cm2) - 

Prel iminary r e s u l t s  on t h e  e l e c t r i c a l  p r o p e r t i e s  of heav i ly  

i r r a d i a t e d  p-type germanium were given i n  t h e  last  progress  

r e p o r t  covering t h e  per iod  from 15 March 1966 t o  15 October 1966. 

I n  t h i s  report w e  s h a l l  g i v e  some of our  f i n a l  r e s u l t s  on t h i s  

phase of o u r  work, a d e t a i l e d  wr i te -up  i n  t h e  form of a paper t o  

be submit ted f o r  p u b l i c a t i o n  is now i n  t h e  process  of being 

completed b 

E i g h t - a m  br idge  type  samples s u i t a b l e  f o r  c o n d u c t i v i t y  and 

Hall e f f e c t  measurements were p repa red  by u l t r a s o n i c  c u t t i n g  of 
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40-mil t h i c k  sl ices.  

i n  white  e t c h  ( 3  HN03 : 1 HF). 

by means of Cer rosea l  so lde r .  

approximately 50 MeV e l e c t r o n s .  

The samples were pol i shed  and f i n a l l y  e tched 

Leads were a t t a c h e d  t o  t h e  samples 

The samples were i r r a d i a t e d  w i t h  

The sample temperature dur ing  

i r r a d i a t i o n  w a s  maintained below 5OoC by immersing the  samples 

i n  a flow of w a t e r  c i r c u l a t e d  through a fan-cooled r a d i a t o r .  We 

obta ined  the e lectr ical  p r o p e r t i e s  ( conduc t iv i ty  and c a r r i e r  con- 

c e n t r a t i o n )  from 80-320°K using a n  evacuable s t a i n l e s s  s teel  dewar, 

and s t anda rd  dc v o l t a g e  measuring techniques.  

magnet w i th  a 2% inch  gap w a s  u t i l i z e d  i n  t h e  H a l l  e f f e c t  measure- 

A 5500 gauss e l e c t r o -  

ment. 

B. Resu l t s  

0.58 ohm-cm G e  ( In)  These samples were f i r s t  sub jec t ed  t o  

a dose of 1.8 x 1 O l 8  e/cm2 and then 1.0 x LO1' e / c m 2  t o t a l  

i n t e g r a t e d  f l u x .  The Fermi energy vs.  temperature curves are shown 

i n  Fig.  6.  The p r e - i r r a d i a t i o n  Fermi level l ies very  c l o s e  t o  t h e  

f i n a l  s a t u r a t i o n  o r  u l t i m a t e  l e v e l .  It can be seen from Fig.  6 

t h a t  t h e  Fermi level  w a s  moved below i t s  f i n a l  va lue  ( a t  295'K) 

i n  the  f i r s t  i r r a d i a t i o n  and i n  t h e  second i r r a d i a t i o n  t h e  Fermi 

level achieved i t s  s a t u r a t i o n  or  u l t i m a t e  va lue .  The p l o t s  

g iven  i n  Fig.  6 were cons t ruc ted  from t h e  carrier concent ra t ion  

VS. temperature  da t a .  I n  Fig.  7 w e  show t h e  temperature dependence 

of c o n d u c t i v i t y  before  i r r a d i a t i o n  and a f t e r  i r r a d i a t i o n  t o  two 

d i f f e r e n t  t o t a l  doses .  Note t h a t  t h e  p r e - i r r a d i a t i o n  r e s i s t i v i t y  

a t  296OK (q = 3.38) dropped t o  0.37 ohm-cm from 0.58 ohm-cm 

af te r  t h e  f i r s t  i r r a d i a t i o n .  I n  t h e  second i r r a d i a t i o n  t h e  

r e s i s t i v i t y  w a s  s t a b i l i z e d  a t  the  s a t u r a t i o n  va lue  of 0.49 ohm-cm. 
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0.056 ohm-cm G e  (Ga)  This set  of samples  

dose only 8.2 x 10l8  e/cm2 and as expected the  

i n  Fig.  8 w a s  e l eva ted  by e l e c t r o n  bombardment 

w a s  exposed 

Fe rmi  level 

t o  one 

shown 

from E, + 0.14 e V  

t o  Ev + 0.15 e V .  

s a t u r a t i o n  o r  u l t i m a t e  p o s i t i o n  of t h e  Fermi energy s i n c e  t h e  

c a r r i e r  concent ra t ion  ve r sus  1000/T curves ,  Fig.  9 ,  do no t  

i n d i c a t e  s a t u r a t i o n ,  and based upon previous sys temat ics  f u r t h e r  

i r r a d i a t i o n  would move t h e  Fermi energy a t  a h ighe r  energy than 

0.15 e V  from t h e  top of the va lence  band. 

The la t te r  va lue  i s  not  expected t o  be t h e  

0.003 ohm-cm G e  (Gal  Three t o t a l  i n t e g r a t e d  f l u x e s  were 
18 ob ta ined  f o r  s tudy  i n  t h i s  sample series; they are 1.8 x 10 

2 2 . 2  x loL8,  and 1.04 x 10’’ e lec t rons /cm . 
1000/T p l o t s  f o r  t h e  va r ious  i r r a d i a t i o n  doses are presented  i n  

Fig.  10. The decrease  i n  conduc t iv i ty  wi th  i n c r e a s i n g  dose 

corresponds t o  an e l e v a t i o n  of t h e  Fe rmi  level toward t h e  u l t i m a t e  

va lue  i n  comparison t o  t h e  r e s u l t s  for t h e  0.056 ohm-cm and 0.58 

ohm-cm material. 

, 
The conduc t iv i ty  vs .  

0.001 ohm-cm G e  (Ga) These s a m p l e s ,  of t h e  lowest r e s i s t i v i t y  

t e s t e d ,  were sub jec t ed  t o  two i r r a d i a t i o n s  r e s u l t i n g  i n  t o t a l  

i n t e g r a t e d  f l u x e s  of 1.8 x 1 O I 8  and 1.0 x 10’’ e lec t rons /cm . 
conduc t iv i ty  v s .  1000/T curves i n  Fig.  11 a g a i n  show t h e  decrease  

i n  conduc t iv i ty  wi th  inc reas ing  f l u x  t o  be expected as t h e  F e r m i  

energy approaches i t s  u l t i m a t e  va lue .  

2 The 

Determining t h e  Fermi e n e r g i e s  w i t h i n  a reasonable  degree Of 

accuracy could not  be accomplished. For h i g h l y  doped samples  

( r e s i s t i v i t i e s  of 0.003 and 0.001 ohm-cm), t h e  H a l l  e f f e c t  is 
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q u i t e  s m a l l .  

l a r g e  magnetic f i e l d  and high s a m p l e  c u r r e n t s .  

f i e l d s  (up t o  5.5 k i logauss)  were e a s i l y  obtained,  but  applying 

a h igh  sample c u r r e n t  r e s u l t s  i n  hea t ing  of t h e  sample wi th  a 

r e s u l t i n g  l o s s  of temperature con t ro l .  

f o r  t h i s  0.001 ohm-cm sample w a s  i n f e r r e d  from t h e  change i n  

conduc t iv i ty ,  and a comparison with the  r e s u l t s  of o t h e r  samples  

of h ighe r  r e s i s t i v i t y .  

A p o s s i b l e  s o l u t i o n  t o  t h i s  problem i s  t o  apply a 
~ 

The l a r g e  magnetic 

The change i n  Fermi energy 

I 

Carrier Addit ion and Removal Rates i n  p-type G e  The s tudy  

of a wide range of r e s i s t i v i t y  p-type G e  has  given t h e  fol lowing 

carr ier  a d d i t i o n  rates: 

a v a l u e  of + 0.026 cm'l  (1ndium)was measured f o r  l O f l  -cm 

material. 

removal rates of -0.072 cm'l  f o r  0 .003R-c rn  ( G a l l i u m )  and 

-0.1 cm ' l  f o r  0.001fi-cm Gallium-doped Germanium. 

30Rcm (Indium) + 0.026 carriers added/cm, 

For low r e s i s t i v i t y  p-type material w e  measure c a r r i e r  

The 0.57fl-cm 

samples w e r e  t oo  c l o s e  t o  t h e  s a t u r a t i o n  that  t h e  r e s i s t i v i t y  

remained e s s e n t i a l l y  cons t an t  during bombardment and w e  could not 

measure meaningful c a r r i e r  removal or a d d i t i o n  rates. 

C .  Disucssion of Resul ts  

The behavior  of the conduc t iv i ty  of t h e  0.58 ohm-cm indium- 

doped germanium samples has  been a t t r i b u t e d  t o  t h e  proximity of 

the i n i t i a l  Fermi level  t o  t h e  u l t ima te  level ,  lead ing  t o  s a t u r a t i o n  

of t h e  h o l e  concen t r a t ion .  

s a t u r a t i o n  i s  due t o  the  break-up of a complex d e f e c t  formed 

by i r r a d i a t i o n ,  which a c t s  as a n  acceptor  s ta te  a t  about Ev + 
0.22 e V ,  and f u r t h e r  i r r a d i a t i o n  has l i t t l e  e f f e c t  on the  

Klontz (2)  concluded t h a t  t h i s  

s a t u r a t e d  va lue  of t h e  hole  concent ra t ion .  
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For l o w  p u r i t y  material, t h e  i n i t i a l  Fermi level i s  q u i t e  low 

+ 0 .1  eV), and t h e  formation of t he  above d e f e c t  may not  (below E 

be favorable  due t o  a d i f f e r e n t  charge state.  
V 

This ,  a long wi th  

measured carrier removal rates, may se rve  t o  exp la in  why s a t u r a t i o n  

is  not  observed f o r  t h e  low r e s i s t i v i t y  material. 

AS s t a t e d  above, t he  de te rmina t ion  of t h e  Fermi energy f o r  

the low r e s i s t i v i t y  samples  could no t  be performed. However, t h e  

i n c r e a s e  i n  r e s i s t i v i t y  upon bombardment se rves  as an  e x c e l l e n t  

i n d i c a t i o n  of the upward t r e n d  of t h e  Fermi energy, and, as such, 

is i n  agreement wi th  t h e  f a s t  neutron bombardment r e s u l t s .  ( 3 )  

Attainment of what is  r e f e r r e d  t o  as t h e  u l t ima te  Fermi 

l e v e l  was not  accomplished f o r  t h e  samples  w i th  r e s i s t i v i t i e s  of 

0.056, 0.003, and 0.001 ohm-cm. Consequently, no va lue  is 

presented  f o r  t h e  t o t a l  i n t e g r a t e d  f l u x  necessary t o  achieve t h e  

u l t i m a t e  F e r m i  level.  I f  t h i s  level  i s  a s s o c i a t e d  wi th  

s a t u r a t i o n  of t h e  carrier concen t r a t ion ,  i t  may no t  be a t t a i n a b l e  

from t h e  s tandpoin t  of complex d e f e c t  formation. However, if 

t h i s  level i s  t o  be found i n  lot7 r e s i s t i v i t y  material, i t  must 

come only after prolonged bombardment by t h e  f a s t  neutrons.  The 

experimental ly  determined carrier 'removal ra te ,  0 . 1  carriers removed/ 

c m .  f o r  0.001 ohm-cm 
20 on the  order  of 10 

achieve  t h e  u l t i m a t e  

For the  samples  

ga l l ium doped 
2 

e lec t r ons / c m  

level.  

germanium, one would r e q u i r e  

t o t a l  i n t e g r a t e d  f l u x  t o  

which a t t a i n e d  s a t u r a t i o n ,  it i s  p o s s i b l e  

t o  p re sen t  va lues  f o r  t h e  u l t i m a t e  Fermi energy f o r  i r r a d i a t i o n  

temperatures of 323'~. From Kaha 's  d a t a ,  ( r e f .  4 )  t h e  u l t i m a t e  

leve l  is  0.225 - + 0.010.eV above t h e  va lence  band f o r  30 ohm-cm 



15. 
\ 

indium-doped germanium. 

t h e  l e v e l  i s  found t o  be 0.214 + 0.010 e V  above t h e  valence band. 

For 0.58 ohm-cm m a t e r i a l  of t h e  same doping, 

- 
This i s  t o  be compared wi th  a value of E of 0.120 + 0.006 e V  i n  

f a s t  neutron i r r a d i a t i o n  of p-type germanium of s e v e r a l  res is-  

- V 

t i v i t i e s .  ( 3 )  

The d i f f e r e n c e s  between the  f a s t  e l e c t r o n  and f a s t  neutron 

r e s u l t s  most probably a r i s e s  from t h e  amount of d i so rde r  e f f e c t e d  

by t h e  d i f f e r e n t  p a r t i c l e s .  It has been shown t h a t  high energy 

e l e c t r o n s  a r e  capable  of producing d isordered  reg ions  o r  

d e f e c t  c l u s t e r s  i n  germanium. (5) More s p e c i f i c a l l y ,  i n  n-type 

germanium, t h e s e  f a s t  e l e c t r o n s  of about 50 MeV produce d isordered  

r eg ions  of t h e  same type observed with f a s t  neutrons.  (5)  

It i s  reasonable  t o  assume t h a t  f a s t  e l e c t r o n s  a r e  capable  

of producing d isordered  r eg ions  i n  p-type germanium a l s o ,  so  t h a t  

i t  remains t o  e x p l a i n  the d i f f e r e n c e  wi th  t h e  u l t i m a t e  va lue  of  

t h e  Fermi energy f o r  f a s t  neutron bombar;tr;lent. Previous s t u d i e s  

us ing  10 MeV deuterons i n c i d e n t  upon p-type germanium a t  an 

i r r a d i a t i o n  temperature of -78 C gave an u l t i m a t e  value of E + 
0.089 e V  compared wi th  Ev + 0.123 e V  f o r  f a s t  neutrons.  

l a r g e  p a r t  of t h i s  d i f f e r e n c e  i s  a s c r i b e d  t o  t h e  much higher  d i s -  

o r d e r i n g  r a t e  of deuterons.  Reverting once aga in  t o  tk f a s t  

e l e c t r o n - f a s t  neut ron  r e s u l t s ,  one must then decide t h a t  t he  

f a s t  e l e c t r o n s  produce less d isorder  i n  p-type germanium than 

0 
V 

( 6 )  A 



16. 

f a s t  neut rons .  

The a s s o c i a t i o n  of d e f e c t  e l e c t r i c a l  p r o p e r t i e s  wi th  t h e  

product ion of d i sordered  reg ions  which a r e  unique t o  p-type 

germanium(50 MeV has  no t  been demonstrated. This 

r e q u i r e s  a d d i t i o n a l  i r r a d i a t i o n s  of  a series of  samples s i m i l a r  

t o  those  above by e l e c t r o n s  wi th  ene rg ie s  i n  t h e  range 1-10 M e V  

where w e  would expect  t o  show t h a t  d i so rde red  regions a r e  no t  

produced. I t  i s  expected,  however , t h a t  t h e  r e s u l t s  w i l l  be 

s i m i l a r  i n  na tu re  t o  those f o r  n- type germanium sub jec t ed  t o  

15 MeV e l e c t r o n s .  (5) 

The behavior  of t h e  conduc t iv i ty  of highly-doped p- type 

germanium has  been c l a r i f i e d  by t h i s  expe r inen t .  It was previous ly  

thought t h a t  t h e  only e f f e c t  produced by bombardment on the  

conduc t iv i ty  was through a decrease i n  m o b i l i t y .  (7) However, 

c a l c u l a t i o n s  based on measurements of t h e  e l e c t r i c a l  p r o p e r t i e s  

of t h e s e  samples show t h a t  t he  decrease  i n  m o b i l i t y  is accompanied 

by a decrease i n  c a r r i e r  concen t r a t ion ,  bo th  then combining t o  

reduce the  conduc t iv i ty .  

The c a l c u l a t i o n  of c a r r i e r  removal o r  a d d i t i o n a l  r a t e s  can 

be seen t o  depend on t h e  i n i t i a l  c a r r i e r  concen t r a t ion  of t h e  

samples involved, t he  r a t e  i n c r e a s i n g  f o r  h ighe r  i n i t i a l  c a r r i e r  

concen t r a t ions .  This ag rees  wi th  t h e  c a r r i e r  removal r a t e s  

ob ta ined  i n  p-type G e  under f a s t  neu t ron  bombardment, ( 6 )  with  

t h e  expected r e s u l t  t h a t  t h e  f a s t  neu t rons  a r e  more e f f e c t i v e  
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than f a s t  e l e c t r o n s  i n  removing c a r r i e r s .  

D. Conc l u s  ions 

The u l t i m a t e  Fermi l e v e l  was found t o  be E + 0.214.k  0.010 
V 

e V  f o r  0.58 ohm-cm indium doped germanium. This i s  i n  good agree-  

ment wi th  a va lue  of E 

doped germanium found i n  a previous s tudy .  

+ 0.225 - + 0.010 e V  f o r  30 ohm-cm indium- 
V 

The u l t i m a t e  Fermi l e v e l  was n o t  determined f o r  samples of 

r e s i s t i v i t y  of 0.056 ohm-cm o r  l e s s ,  s i n c e  t h e  ho le  concent ra t ion  

of t h e s e  samples d i d  no t  s a t u r a t e  upon i r r a d i a t i o n .  The inc rease  

i n  r e s i s t i v i t y  upon i r r a d i a t i o n ,  corresponding t o  an inc rease  i n  

Fermi energy,  i s  c o n s i s t e n t  wi th  p red ic t ed  behavior s i n c e  t h e  

i n i t i a l  Fermi l e v e l  of t hese  samples l a y  below t h e  u l t i m a t e  va lue .  

The p o s i t i o n  of  t h e  u l t i m a t e  l e v e l  f o r  n-type germanium was 

determined t o  be  E 

Ev + 0.20 - + 0.01 e V  f o r  0 . 1  ohm-cm m a t e r i a l ,  independent of doping. 

These v a l u e s  compare w e l l  t o  those  determined fram p-type samples. 

F a s t  neu t ron  ( 6 )  bombardment r e s u l t e d  i n  an u l t i m a t e  Fermi l e v e l  

o f  0.120 - + 0.003 e V  f o r  i r r a d i a t i o n  a t  5OoC while  10 MeV deuterons 

produce an u l t i m a t e  l e v e l  of 0.089 e V  a t  - 7 8 O C  i r r a d i a t i o n  

temperature .  The d i f f e r e n c e  i n  these  r e s u l t s  can be a t t r i b u t e d  

t o  t h e  d i f f e r e n c e  i n  d i so rde r ing  p r o p e r t i e s  of t he  bombarding 

p a r t i c l e s .  These r e s u l t s  a r e  shorn i n  Fig.  1 2  and it appears  t h a t  

we  can  conclude t h a t  f o r  i r r a d i a t e d  germanium t h e  u l t i m a t e  

+ 0.23 - + 0.01 e V  f o r  1 ohm-cm m a t e r i a l  and 
V 

(6) 
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p o s i t i o n  of t h e  Fermi l e v e l  i s  c h a r a c t e r i s t i c  of t h e  n a t u r e  of 

t h e  d isordered  reg ions  s p e c i f i c a l l y ,  t he  g r e a t e r  t h e  e x t e n t  of 

t h e  d isordered  r eg ion  t h e  c l o s e r  t h e  u l t i m a t e  Fermi l e v e l  l i e s  

t o  the  valence band. 
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111. Research Plans f o r  t h e  Next S i x  Month Period 

During t h e  next  6-8 month per iod w e  s h a l l  p lan  t o  work on the  

fol lowing experiments : 

1. 

2. 

3 .  

4 .  

The use  of o p t i c a l  p r o p e r t i e s  ( inc lud ing  i n f r a r e d  abso rp t ion )  

t o  examine t h e  sys temat ics  of impuri ty  dependent r a d i a t i o n -  

induced d e f e c t s .  

Continued development of stress techniques coupled wi th  

d i c h r o i c  measurements o f  photoconduct ivi ty  i n  1-50 M e V  

e l e c t r o n  i r r a d i a t e d  s i l i c o n .  

S t a r t i n g  i n  June 1967 w e  s h a l l  spend a major po r t ion  of our 

e f f o r t  s tudying t h e  Li -defec t  complex i n  s i l i c o n .  

Defects  induced by 1 MeV boron and phosphorous ions  i n  

s il i c  on. 
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Figure Captions 

Fig.  1 Phot conduc t iv i ty  s p e c t r a  i n  t h e  1 - 4 . 5 ~  range f o r  a 
1 O O f i - c m  arsenic-doped s i l i c o n  sample  i r r a d i a t e d  a t  
300°K by 48 MeV e l e c t r o n s .  
measured a f t e r  15 minute anneals  a t  t h e  ind ica t ed  temper- 
a t u r e s .  

The s p e c t r a  shown were 

Fig.  2 I sochronal  anneal ing (15 minutes a t  ach temperature) of 
photoconduct ivi ty  s p e c t r a  f o r  a 100 -cm arsenic-doped 
s i l g c o n  sample (F.Z.) i r r a d i a t e d  by 48 MeV e l e c t r o n s  a t  
300 K. j 

I I Fig. 3 

F ig .  4 

I Fig .  5 

F ig .  6 

Fig.  7 

Fig .  8 

Fig.  9 

F ig .  10 

Fig .  11 

Photoconduct ivi ty  s p e c t r a  i n  t h e  1 t o  4.5 micron range 
a f t e r  i r r a d i a t i o n  (48 MeV e l e c t r o n s  a t  300°K) and annea l  
f o r  15 minutes a t  t h e  temperature shown f o r  a 1 0 0 f i - c m  
phosphorus-doped sample of f l o a t i n g  zone s i l i c o n .  

Summary of i soch rona l  anneal ing of photoconduct ivi ty  
s p e c t r a  f o r  a 1OOfi-cm phosphorus-doped s i l i c o n  
sample. 
of the var ious  energy levels. 

s i l i c  n sample measured a f t e r  being s t r e s s e d  with 1400 

us ing  l i g h t  po la r i zed  along LlOO] and unpolar ized l i g h t  
i n  o r d e r  t o  sea rch  f o r  dichroism (see t h e  t e x t )  due t o  
the divacancy d e f e c t .  

The annea ls  are p l o t t e d  f o r  t h e  photoconduct ivi ty  

Photoconduct ivi ty  s p e c t r a  f o r  a 100 R -cm Sb-doped 

kg/cm 9 a long  Loll] a t  x150°C.  The s p e c t r a  were measured 

Temperature dependence of F e r m i  energy l e v e l  i n  
u n i r r a d i a t e d  and i n  %50 MeV e l e c t r o n - i r r a d i a t e d ( a t  
=3250K)0.58fi-cm G e  ( In ) .  

Conduct ivi ty  vs. - 'Oo0 
e l e c t r o n - i r r a d i a t e $  (at ~325OK) 0.5811-cm G e  ( I n ) .  

Temperature dependence of Fermi energy level i n  un- 
i r r a d i a t e d  and i n  g 5 0  MeV e l e c t r o n - i r r a d i a t e d  (a t  
5325OK) 0 . 0 5 6 f l  -cm G e  (Ga). 

Carrier concen t r a t ion  vs .  I O o o  i n  u n i r r a d i a t e d  and i n  
~ 5 0  MeV e l e c t r o n - i r r a d i a t a a t  ~325OK) 0.056fl - c m  
G e ( G a )  . 

1000 Conduct ivi ty  vs .  - i n  u n i r r a d i a t e d  and i n  %50 MeV 
e l e c t r o n - i r r a d i a t e 8  (at  ~325OK) 0.003fi  -cm G e ( G a )  . 

1000 Conduct iv i ty  vs. - 
e l e c t r o n - i r r a d i a t e 8  (atz325OK) 0 .001f i - cm G e  ( G a )  

i n  u n i r r a d i a t e d  and i n  a 5 0  MeV 

i n  u n i r r a d i a t e d  and i n  ~ 5 0  MeV 

Fig.12 The p o s i t i o n  of t h e  u l t imate  va lue  of t h e  Fermi level a t  
s a t u r a t i o n  f o r  germanium bombarded by var ious  p a r t i c l e s  
as shown on t h e  f i g u r e .  
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